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Abstract; [Aim] To investigate the effects of lactic acid bacteria Weisellas paramesenteroides on the growth and 
development of Drosophila melanogaster. [Methods] Bacterium was isolated from the gut of D. melanogaster 
adults with selective medium and identified by BLAST analysis of 16S rRNA gene. The developmeantal duration 
of D. melanogaster was quantified by counting the time to puparium formation and adult eclosion, and the 
growth rate was calculated as the body surface area of larvae. The expression levels of genes involved in 
hormoral (dib, E74B and PTTH) and insulin signaling ( DILP2, DILP3 and InR) of D. melanogaster at 
different time after egg deposition were assayed by quantitative real-time PCR. The glucose level in the 
hemolymph of the 3rd instar larvae was measured by glucose oxidase assay. [Results] W. paramesenteroides 
was isoloated and efficiently colonized in the gut of D. melanogaster adults. W. paramesenteroides shortened the 
time to puparium formation and adult eclosion of D. melanogaster by enhancing the growth rate of flies. W. 
paramesenteroides increased the expression levels of dib, E74B and PTTH, as well as the expression of DILP2 
and DILP3, while decreased the expression levels of InR and the glucose level in larval hemolymph. 
[ Conclusion] W. paramesenteroides is the symbiotic bacterium of D. melanogaster, and promotes its 
development by activting the ecdysone and insulin signaling pathways. 
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1 INTRODUCTION 


The human microbiota are composed of more 
than 100 trillion symbiotic microbial cells, mainly 
belonging to bacteria (Mima et al., 2017). The 
gastrointestinal tract of mammals provides resident 
microbes with a homeostasis of rich nutrition and 
favorite temperature and pH, while microbiome 
benefit the metazoans in the adaptation and evolution 
to their environment. Animal phenotypes are formed 
in the context of the resident microbiota, but this 
essential counterpart to human genome is largely 
ignored. Human microbiome are natural source of 
genetic diversity, outnumbering human genome by 
150 to 1, and functioning as an entity to influences 
host phenotype (Storelli et al., 2011 ). Microbial 








species, due to their genetic wealth, affect many 
aspects of host physiology through degrading 
nondigestible carbohydrates, producing short-chain 
fatty acids and vitamin, and inhibiting the infections 
of pathogens (Ren et al., 2007; Venema, 2010). 
Moreover, intestinal bacteria mediate the balance 
between health and disease, including diarrhea, 
diabetes, mood disorders, atherosclerosis ( Backhed 
et al., 2012). This extends our understanding to a 
new extent that animal phenotypes are strongly 
influenced by the combination of host genome and 
microbiome. 

In nature, Drosophila mainly feeds on decaying 
fruits with various microbes. The relationship 
flexible and 


facultative, where animals are associated with a 


between microbes and flies is 
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complex and ever-changing microbial community 
(Ren et al., 2007). Bacterial communities from 
wild or laboratory Drosophila are usually donimnated 
by Lactobacillale and Acetobacteraceae species. 
Weissella, belonging to the family of Lactobacillale, 
is a facultative anaerobic lactic acid bacterium, and 
exists in a wide range of habitats, including animal 
feces, saliva, human vagina, plants and vegetables, 
as well as fermented foods (Collins et al., 1993; 
2015 ). They are obligately 
heterofermentative, producing CO,, lactate and 
acetate as major end products from sugar metabolism 
( Garvie, 1967). Weisella has been found in wild fly 
guts using high-throughput sequencing, but their 


Fusco et al., 


specific roles are largely unknown ( Chandler et al., 
2011). In Drosophila, there are two key factors for 
larval devoelopment and growth signal transduction; 
steroid hormone ecdysone and insulin-like peptides 
( DILPs). The rapid accumulation of ecdysone at the 
end of the 3rd instar larva is required for proper 
moulting and metamorphosis, and promoting the 
growth of Drosophila. Insulin is a highly conserved 
peptide in many organisms and plays an important 
role in metabolism, development, growth, and 
reproduction. 

This study was carried out to assay the growth- 
promoting effect of W. paramesenteroide on Drosophila 
development. W. paramesenteroide shortened the 
time to puparium formation and adult eclosion of 
Drosophila melanogaster by increasing the growth 
The results further show that W. 


paramesenteroide exerts its beneficial effects by 


rate of flies. 


activating ecdysone and insulin signaling pathways. 


2 MATERIALS AND METHODS 


2.1 Fly stocks and rearing 

Flies were raised as previously described 
( Marchesi et al., 2016). Briefly, flies were reared 
at 25°C and 60% relative humidity. The standard 
yeast/ cornmeal medium (1 L ddH,O containing 18 g 
agar, 0. 83 g CaCl,, 31. 6 g sucrose, 63. 2 g 
glucose, 77.7 g cornmeal, 24 g yeast extract) was 
used for CR flies. All food was boiled for 10 min and 
prepared every week to avoid desiccation. The 
autoclaved yeast/cornmeal media with different 
concentrations of yeast were used to assay the effects 
of bacteria on fly development. Oregon R ( OR) 
strain was used as wild type. 
2.2 Isolation and identification of bacterial 
strains from flies 

Wild adult flies were captured in Fenyang city, 
Shanxi China. To 


bacteria, samples were washed with 1:30 Walch, 


province, remove external 


1:1 HCIO, 75% ethanol and 1 x PBST as described 
by Brummel et al. (2004). The entire body of adult 
flies was homogenized by motorized pestle in sterile 
1 x PBS, and plated diluted lysates on Mann Rogosa 
Sharpe ( MRS) to isolate lactic acid bacteria. Plates 
were incubated at 35°C for 48 h. Colonies were 
transferred to MRS broth medium and subjected to 
sequencing of 16S rRNA gene amplicons with PCR 
(Thermo, PX2) with a primer set; 5’-AGAG 
TTTGATCCTGGCTCAG-3' and 5'-GGTTACCTT 
GTTACGACTT-3’ (Liu et al., 2007). Phylogenetic 
tree based on the 16S rRNA gene sequence of 
isolates was constructed by the neighbor-joining 
method with MEGA 6.0 software. 
2.3 Cultivation of W. paramesenteroides in 
vitro 

Two mL W.  paramesenteroides culture was 
inoculated into a bottle containing 80 mL of modified 
MRS broth with glucose replaced with various carbon 
sources, and cultured at 35°C in incubator. The 
OD.) and pH values of bacterial suspension were 
( Ultraviolet 
spectrophotometry 1800 ) and PB-10 acidometer 


determined by — spectrophotometer 
(Sartorius Stedim Biotech) , respectively. 
2.4 Preparation of germ free, conventional 
reared and gnotobiotic flies 

Eggs within 8 h were collected from grape juice 
agar plates (1 L) containing 750 mL ddH,O, 250 
mL grape juice, 50 g agar, and 12 g sucrose. Eggs 
were rinsed gently with ddH,O and transferred into 
1.5 mL micro centrifugal tube. GF (germ free) flies 
were created by washing embryos successively with 
chemicals in a bio-safety cabinet, and followed by 
embryos transferring to autoclaved fly food. Briefly, 
eggs were incubated with Walch solution ( Weilai 
Daily Consumers’ Goods Ltd.) , hypochlorite 
(Sigma) , 70% ethonal and PBS with 0.01% Triton 
X-100. Sterile eggs were checked by plating ground 
embryos on nutrition medium. CR ( conventionally 
rear) flies were created by adding one OD (10° 
CFU) mixed bacteria to the surface of sterile food 
with sterile eggs. Mixed bacteria were obtained by 
washing adult flies in 75% ethanol and ddH,O and 
grinding flies. For W. paramesenteroides-associated 
(WP) flies, one OD (10° CFU) W. paramesenteroides 
bacteria were washed with PBS solution at the speed 
of 4 000 r/min, and were directly transfered to the 
surface of autoclaved fly food. 
2.5 Bacterial load analysis 

Bacterial load of surface-sterilized individuals 
was quantified by plating diluted lysates of 6 
individuals (larvae, pupae or adults) on MRS agar 
plates. Individuals were transferred to an EP tube 
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carrying 0.2 mL of sterile 1 x PBS and homogenised 
with a micro-pestle. The bacterial load of the 
medium was quantified by plating MRS agar plates. 
The bacterial load of medium was performed by 
dissolving 0. 1 g food into 0.2 mL of sterile 1 x PBS. 
For transfer experiments, WP pupae were surface- 
sterilized in 75% ethanol, and transferred to a fresh 
GF medium. After the adults emerged for 4 d, the 
flies were removed. Bacterial load of gut and food for 
offspring was assayed as described above. 
2.6 Measurements of the duration of the 
growth phase and growth rate of flies 

Developmental duration of flies raised in foods 
with different concentrations of yeast (0. 25% , 
0.5% and 1% yeast) was quantified by counting the 
cumulative number of pupae and adults emerging 
each day following egg laying as described by Shin et 
al. (2011). Developmental duration of flies was 
calculated with the formula; T= (7, xN, +T, xN, + 
ee TXN,)/CN, +N, +e +N), where T is 
the developmental duration, T „is the time to puparium 
formation and adult eclosion after egg laying, and N „p 
is the number of pupae and adults on the T, day. 
Growth rate of flies was examined with the larval size. 
Larvae (n = 10) raised in poor food (with 0.5% 
yeast) and rich food (with 4% yeast) were collected 
from eggs to pupae and frozen. Pictures were obtained 
using a stereomicroscope. The body surface of each 
larva was calculated using ImageJ with pixels. 
2.7 Measurement of glucose level in the larval 
hemolymph 

To determine the glucose level, two pL of 
hemolymph of 30 3rd instar larvae was mixed with 
200 uL of Glucose (HK) Assay Reagent (Sigma, 
St. Louis, MO, USA) and 2 uL porcine kidney 
trehalase (Sigma). The glucose level was measured 
in the hemolymph at 340 nm according to the 
manufacturer’ s instructions after incubated at 37°C 
for 16 h. 
2.8 Quantitative real-time PCR 

Samples were obtained by collecting larvae or 
pupae (n =10) grown on 0. 5% yeast diet ranging 
from 3 d after egg deposition to 3 d after pupal 
Total RNA was extracted from 10 
samples with Trizol reagent ( Sigma ). 


emergence. 
Template 
RNA (2 ug) was used to generate cDNA by reverse 
transcription with oligo-dT, followed by analysis by 
RT-qPCR using a instrument ( Bio-Rad) and the 
SYBR Green (TaqMan). The primer set of rp49 ; 
(F: 5'-GACGCTTCAAGGGACAGTATCTG-3', R: 
5'-AAACGCGGTTCTGCATGA-3') (Storelli et al., 
2011). The primer set of E74B; (F: 5'-GAATCC 
GTAGCCTCCGACTGT-3', R: 5'-AGGAGGGAGA 


GTGGTGGTGTT-3') (Storelli et al., 2011). The 
primer set of dib; ( F: 5'-GTGACCAAGGAG 
TTCATTAGATTTC-3', R: 5'-CCAAAGGTAAGC 
AAACAGGTTAAT-3') (Garelli et al., 2012). The 
primer set of PPTH : (F: 5'-CACTCCACATCCC 
ACAGAGATGGCGATGG-3', R: 5'-CCACGAGCT 
CATTCGTAACTTTGC-3') ( Garelli et al., 2012). 
The primer set of NR; (F: 5'-AACAGTGGCGG 
ATTCGGTT-3’, R: 5'-TACTCGGAGCATTGGAGG 
CAT-3") (Storelli et al., 2011). The primer set of 
DILP2; (F: 5'-AGCAAGCCTTTGTCCTTCATCTC- 
3’, R: 5'-ACACCATACTCAGCACCTCGTTG-3’ ) 
(Bauer et al., 2007). The primer set of DILP3: 
( F: 5'-AAGCTCTGTGTGTATGGCTT-3', R: 5’- 
AGC ACAATATCTCAGCACCT-3') ( Lee et al., 
2008 ). The amount of mRNA detected was 
normalized to the control rp49 mRNA values. The 
relative levels of given mRNA were calculated 
according to cycling threshold analysis; ACt = Ct 
(target gene) — Ct (reference gene), the relative 
level =27 ^^“, 
2.9 Statistical analysis 

All data are presented as the mean + SE. 
Significance was determined by analysis of variance 
(ANOVA) or standard ¢ test with GraphPad Prism 


software program. 


3 RESULTS 


3. 1 Isolation and 
paramesenteroides 
One strain of lactic acid bacteria was isolated 


identification of W. 


from the gut of D. melanogaster adults with selective 
agar medium. This strain was a Gram-positive 
bacterium with coccoid or rod-shaped morphology 
using Gram staining. The nearly full-length 16S 
rRNA genes were specifically amplified with 
universal primer sets targeting this gene. The 
obtained sequences of 1 486 bp were aligned with 
those from GenBank using the BLAST algorithm. 
The result showed that this strain was closest to W. 
paramesenteroides strain. Phylogenetic analysis 
revealed that W. paramesenteroides was relatively 
close to other lactic acid bacteria, like Lactococcus 
lactis, Lactobacillus brevis and Lactobacillus 
melliventris, but far from Acetobacter aceti and 
Escherichia coli (Fig. 1). 
3. 2 The in vitro metabolic traits of W. 
paramesenteroides 
To explore the of W. 


paramesenteroides , the bacterial growth and pH value 


metabolic traits 
were assessed in modified MRS medium with glucose 


replaced by other carbon sources. Our data 


displayed that fructose, maltose and sucrose were 
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Fig. 1 


Weissella paramesenteroides strain FY(MF555186) 
Weissella paramesenteroides strain CTSPL5 (EU855224.1) 
Lactobacillus brevis strain RO97 (AF515219.1) 

Lactobacillus melliventris strain Hma8N (NR126252.1) 
Lactococcus lactis strain RCB1004 (KT261216.1) 

Escherichia coli isolate SIMH036 (KT275828.1) 
Acetobacter aceti strain JCM 7641 (NR113549.1) 


Phylogenetic tree of Weisellas paramesenteroides and its relatives based on homologies of 


1 486 bp sequences in 16S rDNA (neighbor-joining method ) 


Bootstrap values ( expressed as a percentage of 1 000 replications) higher than 50% are given at the branching points. The scale bar indicates the 


nucleotide divergence. The GenBank accession numbers of strains are in parentheses. 


consumed except mannitol (Fig. 2; A), indicating 


that W. paramesenteroides metabolized common 


simple sugars. The pH value declined, ranging from 
4.4 to 4.6 at the end of fermentation (Fig. 2: B), 
indicating that produced 
various organic acids. This acid-producing traits of 


W. paramesenteroides 


W. paramesenteroides FY ( GenBank accession no. 
MF555186) are typically consistent with Drosophila 
symbiotic bacterium, like Lactobacilli plantarus , 
implicating that W. paramesenteroides might act as 
one of the symbiotic bacteria in fruit flies. 
3.3 Colonization of W. paramesenteroides 

In order to assay the colonization of bacteria in 
intestines, bacteria with 10° CFU were inoculated to 
rich diet with GF embryos, and internal bacterial 
load was evaluated. Our data showed that W. 
paramesenteroides existed in the 2nd instar larvae, 
the 3rd instar larvae, pupae and adults (Fig. 2: 
C), suggesting that W. paramesenteroides was 
efficiently associated with fly. W. paramesenteroides 
was stably maintained in the culture medium at 
corresponding developmental stages of fly (Fig. 2: 
D). Furthermore, we also tested whether W. 
paramesenteroides has the ability to associate with 
progeny upon transfer. The bacterial loads of guts were 
similar to their parents with monoassociation with W. 
paramesenteroides (Fig. 2; E). W. paramesenteroides 
was maintained in the culture medium to sustain 
offspring (Fig. 2: F). These results indicated that 
D. melanogaster acted as a vector to transfer W. 
paramesenteroides to its offspring. Taken together, 
these results suggested that W. paramesenteroides 
was a commensal bacteria of D. melanogaster. 
3. 4 W. paramesenteroides shortened the 
duration of the growth phase of D. melanogaster 

Given that W. paramesenteroides was one of D. 
melanogaster commensals, we next tested whether 
W. paramesenteroides fostered the development of 
larvae on fly food with dosage-dependent yeast. On 


rich food (with 1% yeast), the endurance of CR 
larvae was 6.6 d, significantly differing from that of 
GF (9.3 d) (Fig. 3: A). The time to puparium 
formation of WP flies was 6.3 d (Fig. 3: A), which 
was comparable to CR flies. Taken together, the 
suggested that W. 
recaptituated the stimulation of bacterial consortia in 


results paramesenteroides 


larval development. This growth-promoting effect 
was more dramatical in poor medium than in rich one 
(Fig. 3: A), indicating that W. paramesenteroides 
promoted pupation, particularly in nutrient scarcity. 
Consistently, W. paramesenteroides association 
resulted in earlier emergence of adults compared to 
GF siblings, particularly in case of undernutrition 
(Fig. 3: B). Collectively, W. paramesenteroides 
was required to promote larval growth. 
3. 5 W. paramesenteroides accelerated the 
growth of D. melanogaster 

W. paramesenteroides association didn’ t alter 
the final body size of pupae (data not shown) , 
implying that W. paramesenteroides shortened the 
developmental duration of D. melanogaster via 
changing the larval growth rate. We examined the 
growth rate of GF, CR and WP larvae grown in rich 
or poor diet from 1 d after egg deposition to pupa. 
Our data showed that no significant differences in 
growth rate (the slope of regression line ) were 
observed among GF, CR, WP larvae on rich diet 
with 4% yeast (Fig. 3: C), indicating that W. 
paramesenteroides didn’ t elevate the larval growth 
rate upon rich diet. However, the growth rate of CR 
larvae was 1. 7-fold higher than that of GF ones in 
case of poor diet with 0.5% yeast (Fig. 3: D), 
indicating that intestinal bacteria were sufficient to 
accelerate the growth in conditions of undernutrient. 
Moreover, the growth rate of WP larvae was 1. 6-fold 
higher than that of GF larvae in poor diet (Fig. 3: 
D), indicating that W. paramesenteroides elevated 
the larval growth rate upon scarce nutrient. 
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Fig. 2 The in vitro metabolic traits of Weisellas paramesenteroides and number of its colonies in 


the gut and culture medium of Drosophila melanogaster 


A; Growth curves of W. paramesenteroides growing in medium with five carbon sources; B; pH curves of W. paramesenteroides growing in medium with 


five carbon sources. C; W. paramesenteroides was incubated to the GF flies, and the amount of internal bacterial load in the gut of flies at different 
devlopmental stages was assessed. Bacterium capacity per individual is (2.1 £0.9) x10*, (6.0 +2.1) x10°, (7.6+1.9) x10*, (1.3 40.7) x 10+ 
and (1.2 +0.6) x10* in the 2nd instar larvae, the 3rd instar larvae, pupae, 3 d-old adults and 10 d-old adults, respectively (n =54). D: The amount 
of bacterial load of the culture medium of flies at the 2nd instar larval, the 3rd instar larval, pupal, 3 d-old adult and 10 d-old adult stages is (5.7 +2. 
5) x108, (7.1 41.5) x108, (6.6 41.1) x108, (4.1 41.2) x108 and (2.6 +0.7) x 10°, respectively (n =9). E: The amount of internal 
bacterial load of the progenies of flies at the 3rd instar larval, pupal and adult stages mono-associated with W. paramesenteroides is (7.6 +1.8) x 107, 
(5.8 41.3) x 10° and (3.0 40.3) x 10°, respectively (n =54). F: The amount of internal bacterial load of W. paramesenteroides in the culture 
medium of progenies of flies at the 3rd instar larval, pupal and adult stages is (3.2 +1.1) x 10°, (3.8 41.0) x 10° and (4.1 41.0) x 10°, 


respectively (n =9). 


3.6 W. paramesenteroides triggered ecdysone 
signaling pathway of D. melanogaster 

The rapid accumulation of ecdysone at the end 
of the 3rd instar larvae is required for proper 
moulting and metamorphosis, and the defects of 
ecdysone accumulation gave rise to the delay of GF 
puparium formation. To verify it, we measured the 
dib (a gene associated with ecdysone biosynthesis ) 


mRNA levels of CR, GF and WP flies ( Chavez et 


al., 2000). The peak expression of dib in CR flies 
appeared at 5 d after egg deposition ( Fig. 4: A), 
whereas it was delayed at 9 d after egg deposition in 
GF flies, indicating that bacterial consortia triggered 
the synthesis of ecdysone. The peak expression of 
dib in WP flies appeared at 7 d after egg deposition 
(Fig. 4: A), sugguesting that W. paramesenteroides 
partially rescued the delay of ecdysone. Moreover, 
the delayed and decreased expression of E74B , one 
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Fig. 3 Influence of Weisellas paramesenteroides on the duration of the growth phase and growth rate of Drosophila melanogaster 
A: Time to puparium formation of CR, GF and WP flies reared in medium with different concentrations of yeast; B; Time to adult eclosion of CR, GF and 
WP flies reared in medium with different concentrations of yeast; C; Surface of CR, GF and WP larvae over time when grown on rich diet (with 4% 
yeast); D: Surface of CR, GF and WP larvae over time when grown on poor diet (with 0.5% yeast). Linear regression curves were conducted (CR/rich 
diet, Y =0. 93X - 0.45; GF/rich diet, Y =0. 79X -0.55; W. paramesenteroides/rich diet, Y =0. 83X - 0.49; CR/poor diet, Y =0. 82X —0.34; GF/ 
poor diet, Y =0. 48X -0.47; W. paramesenteroides/ poor diet, Y =0. 77X - 0.46). *™ : Significant difference ( P <0. 01) between the groups; “* ; 
Significant difference ( P <0. 001) between the groups; ns; No significant difference between the groups. 
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Fig. 4 Influence of Weisellas paramesenteroides on the ecdysone signaling pathway of Drosophila melanogaster 
A - C: Expression levels of dib, E74B and PTTH in CR, GF and WP flies, respectively. The relative expression levels of genes was normalized to that of 
rp49. D: Puparium formation of CR, GF and WP flies and GF flies fed with 20-hydroxyecdysone (20E). 20E was solved in 95% EtOH solution, while 


EtOH groups were used as mock-treatments. 


of transcription factor of ecdysone, was partially prothoracicotropic hormone (PTTH) is required to 
rescued in WP flies (Fig. 4: B). Neuropeptide stimulate the biosynthesis of ecdysone at the larval/ 
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examined the 
expression of PTTH. Indeed, the peak expression of 
PTTH in CR and WP flies occurred 3 d and 2 d 
earlier than that in GF flies, respectively (Fig. 4: 
C). To this end, we added mock or 20- 
hydroxyecdysone ( 20E, the active form of 
ecdysone ) in GF fly food. The delay of GF puparium 
formation was efficiently rescued by feeding larvae 
(Fig. 4: D), indicating that 
microbiota were required to trigger the release of 
ecdysone. These suggested that W. 
paramesenteroides promoted the larval growth and 


pupal transition, so we further 


with ecdysone 
results 
development of D. melanogaster by stimulating 
ecdysone signaling. 
3. 7 W. paramesenteroides activated insulin 
signaling pathway of D. melanogaster 

Drosophila signaling underlies the 
production of ecdysone to sustain the systemic growth 
and development ( Rewitz et al., 2009). We further 
asked whether W. paramesenteroides triggered the 


insulin 


expression of ecdysone in D. melanogaster by 
activating insulin signaling. DILPs are expressed in 
seven median neurosecretory cells in Drosophila 
brain and their product act as insulin receptor 
agonists throughout Drosophila development ( Ikeya 
et al., 2002). We verified it with insulin-like peptide 
2 ( DILP2) and insulin-like peptide 3 ( DILP3 ) 


mRNA levels. Our data showed that the expression 
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level of DILP2 in WP individuals was significantly 
higher than that in GF flies ( P < 0. 01), but 
significantly lower than that in CR flies (Fig. 5: A, 
P <0.01). Likewise, the peak expression of DILP3 
in CR flies appeared at 6 d after egg deposition, 
whereas it was delayed at 9 d after egg deposition in 
GF flies (Fig. 5: B). The peak expression of 
DILP3 in WP flies occurred at 7 d after egg 
deposition ( Fig. 5: B), suggesting that W. 
paramesenteroides activated the expression of DILP3. 
Low expresson level of insulin receptor gene (JnR) 
is correlated with high DILP activity ( Colombani et 
al., 2005). The mRNA level of InR in WP 
individuals was lower than that in GF flies, but 
mildly higher than that in CR flies (Fig. 5: C), 
indicating that paramesenteroides activated insulin 
Given that 
signaling reduces the glucose level, the glucose level 
in D. 
glucose level was observed in GF larvae than that in 
CR larvae (Fig. 5: D, P <0.001), indicating that 


microbiota were required for the activation of insulin 


signaling pathway. active insulin 


melanogaster larvae was tested. Higher 


signaling. Morever, the glucose level in WP larvae 
was lower than that in GF larvae ( P <0. 001), but 
comparable to that in CR one (Fig. 5: D, P > 
0.05). Altogether, these results indicated that W. 


paramesenteroides stimulated insulin signaling. 
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A-C: DILP2, DILP3 and MR mRNA levels in CR, GF and WP flies, respectively. The relative expression levels of genes were normalized to that of 
rp49. D: Glucose level in the hemolymph of CR, GF and WP larvae. “ ; Significant difference ( P <0. 01) between groups; *** ; Significant difference 


(P <0.001) between groups; ns; No significant difference between groups. 
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4 DISCUSSION 


Commensal microbiota is necessary for the 
health and physiology of hosts in the environment 
(Early et al., 2017). This study showed that W. 
paramesenteroides was one of the commensals in D. 
melanogaster, because it efficiently colonized this 
insect and was helically transferred from parents to 
offspring (Fig. 2). W. paramesenteroides exists in a 
wide range of habitats, such as animal feces, fruits 
and vegetables, as well as fermented foods, and 
plays a role in the first phase of silage fermentation 
(Bjorkroth et al., 2002). Studies showed that W. 
paramesenteroides colonized the gut of Ostrinia 
and breast-fed 
infants, and most functions of W. paramesenteroides 


nubilalis, rainbow trout, mice 
are being uncovered ( Belda et al., 2011; Rubio et 
al., 2014 ). One study showed tha W. 
paramesenteroides decreased the level of TNF-a in 
stool, and improved gut microbiota balance by 
inhibiting the growth of intestinal Enteropathogenic 
Escherichia coli ( Aslinar et al., 2014). Another 
study displayed that W. paramesenteroides protected 
the intestinal mucosa against pathogenic bacteria by 
producing bacteriocin, weisellin A ( Papagianni and 
Papamichael, 2011). Because most phytophagous 
animals harbor microbiota from plant in their guts, it 
was conceived that Drosophila ingested polymicrobial 
mixtures of W. paramesenteroides as well as plant 
food. Indeed, recent reports showed that Weissella 
by high-throughput 
2011 ). More 


mediate the 


was found in Drosophila 
sequencing ( Chandler et al., 
importantly, symbiotic bacteria 
competitive interactions between hosts and potential 
pathogens, and sustain host health by inhibiting the 
bacteria. The 


suppression mechanism of commensals allows the 


growth of pathogenic immune- 
host immune system to retain its ability to elicit 
strong proinflammatory responses against pathogens 
(Chow et al., 2010). 
confronted with various opportunistic pathogens in 
the wild (Chandler et al., 2011) , it is proposed that 
W. paramesenteroides protected fruit flies against 
enhanced health and 


Because Drosophila is 


pathogenic bacteria and 
adaption of hosts in nature. 

Our study highlighted that W. paramesenteroides 
had promoting effect on the development of D. 
melanogaster ( Fig. 3). There are two critical 
development-associated factors: the length of the 
larval growth period and the larval growth rate 
(Orme and Leevers, 2005). Studies including our 
work showed that commensal bacteria shortened 


larval duration of Drosophila by changing the growth 


rate of flies (Storelli et al., 2011; Li et al., 2017). 
In agreement with these results, our data showed that 
W. paramesenteroides accelerated the development of 
D. melanogaster by increasing the growth rate of flies 
(Fig. 3). Commensal bacteria affect many aspects 
of host phenotype and are essential for forming the 
core of host physiology and ecological adaptation. 
For example, symbiotic bacteria convert undigestible 
fiber to common sugar available and ferment 
polysaccharides into short-chain fatty acids with 
assistance in absorbing sodium ion and water 


2010 ). One study showed that 


commensal = L. sustained 


( Venema, 
plantarum larval 
development of D. melanogaster upon nutrient 
scarcity and played an important role in the 
to different 
conditions that can be encountered in the wild 


(Storelli et al., 2011 ). 


interacts with host genome to form complex networks 


adaptation of its host nutritional 


Moreover, microbiome 


to affect host phenotype. A recent study showed that 
the genetic basis of the microbiota-dependent 
variation of nutritional phenotype was identified in 
genome-wide association in Drosophila ( Dobson et 
al., 2015). In agreement with these results, our 
data showed that W. paramesenteroides rescued 
Thus, W. 
paramesenteroides acted as one of symbiotic bacteria 


of D. 


phenotypes, allowing it to boost the growth via 


development retardation of GF flies. 
melanogaster and was required for its 


nutrition assimilations. 
We further uncovered the potential mechanism 


that W. 


development of D. melanogaster through ecdysone 


paramesenteroides stimulated the 
signaling pathway. The developmental duration of fly 
is mainly controlled by the steroid hormone 20- 
hydroxyecdysone, which initiates the time of all 
major developmental transitions, including molting 
The synthesis of the 20E 
precursor, ecdysone, in the prothoracic gland is 
regulated by the PTTH ( Mcbrayer et al., 2007). 
showed tha W. 
paramesenteroides stimulated the expression of dib, 
E74B and PTTH in D. melanogaster ( Fig. 4), 
suggesting that W. paramesenteroides promoted the 


and metamorphosis. 


Consistently, our data 


development of fly by activating the ecdysone 
signaling pathway. It has been shown that the 
internal and external factors, such as photoperiod, 
status, affect the 
production. Interestingly , 


temperature and nutritional 
ecdysone 


symbiotic bacteria have a vital effect on host’ s 


systemic 


energy intake, therefore, we proposed that W. 
paramesenteroides promoted protein assimilation from 
the diet, which in turn activated ecdysone signaling 
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pathway and promoted the development of fly. 

The pulsating secretion of ecdysone controls 
major developmental transitions, molecules of the 
insulin family control growth and metabolism 
(Colombani et al., 2005). It is clear that insulin 
signaling is a key player in proliferation and 
differentiation of cells during development and is 
required for the stimulation of ecdysone production in 
the PG ( Wei et al., 2016). Indeed, one study 
showed that 
signaling to stimulate the development of Drosophila. 


Acetobacter activated the insulin 
Consistently, our data showed that insulin signaling 
in D. activated by W. 


paramesenteroides association. It is well known that 


melanogaster was 


insulin signaling regulated metabolism and energy 
balance of hosts. At the cellular level, it plays 
important roles in nutrient uptake, gene transcription 
and expression, and cell proliferation, therefore 
stimulates the development and systemic growth. In 
agreement with these results, our results showed the 
elevated expression levels of genes involved in 


insulin signaling pathway, underlying that W. 


paramesenteroides promotes the growth and 


development of D. melanogaster ( Fig. 5). In 
conclusion, W. paramesenteroides is one of the 
commensals in D. melanogaster, and facilitates its 
systemic growth and development by activating 
ecdysone and insulin signaling pathway. 
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